The major purpose of this study was to determine the chemical relationships between liverwort species belonging to the Lejeuneaceae family on the basis of sesqui-and diterpenoid composition. GC/MS analysis of the 31 liverwort specimens belonging to the Lejeuneaceae family indicated variability of the chemical composition of terpenoids depending on liverwort species. Each of the analyzed liverworts is characterized by the presence of particular compounds. However, there are some characteristic components, which can be chemical markers of this liverwort family. These are the pinguisane and monocyclofarnesane type sesquiterpenoids, the fusicoccane type diterpenoids, and also the sesquiterpene hydrocarbon, isolepidozene. Chemical data also showed the differences among liverworts classified in the two subfamilies, the Ptychanthoideae and Lejeuneoideae. All of the mentioned characteristic components are present in species of the subfamily Ptychanthoideae. On the other hand, among the characteristic components, only -pinguisene was detected in Cololejeunea stotleriana, Colura irrorata, and Myriocoleopsis gymnocolea classified in the subfamily Lejeuneoideae (subtribe Cololejeuneinae). The latter component was found to be a marker for members of the subtribe Cololejeuneinae. Neither isolepidozene nor the pinguisanes, fusicoccanes and monocyclofarnesanes were found in Lejeunea topoensis (subfamily Lejeuneoideae). The existence of the chemical polymorphism between both subfamilies is also evident from PCA analysis.
Liverworts (Marchantiophyta) comprise an estimated 6000 species. They are a highly diverse group of spore-forming plants, and are generally considered to be the structurally simplest of the embryophytes [1a] . Many liverwort species demonstrate wide geographical distribution, grow under diverse ecological conditions, and often are pioneers in extreme habitats [1b] . Three morphological types of plant bodies have generally been recognized and are used in liverwort classification. These are "complex thalloids", including ~6% of extant species diversity, "simple thalloids" (~8%), and "leafy liverworts" (~86%) [1c] . The identification of these plants is especially challenging because of their small size and their often microscopic or chemical distinguishing features [1d] .
The Lejeuneaceae (Porellales, Jungermanniopsida) is the largest family of liverworts, with at least one thousand species. Liverworts belonging to this family are leafy in appearance, and most of them are epiphytes abundant in the tropics and subtropics [2a] . In tropical lowland forests, the Lejeuneaceae can make up 70% of all liverwort species present [2b] . Due to the high degree of morphological homoplasticity within the Lejeuneaceae, the division of this family into natural subunits has been considered to be notoriously difficult, and many conflicting classifications have been proposed. At present, the division of the Lejeuneaceae into two subfamilies, Ptychanthoideae and Lejeuneoideae is widely adopted [3] .
One of the outstanding features of the liverworts is their chemistry. Compounds occurring in liverworts often show strong biological activity, and may play an important role in the defense of the plants against environmental hazards [3c]. In the past 40 years, more than 3,000 compounds have been found in the Marchantiophyta. Many of these compounds are characterized by unprecedented structures, and some, like the pinguisane-type sesquiterpenoids or sacculatanetype diterpenoids, have not been found in any other plants, fungi or marine organisms [4a-c] .
Our previous studies showed the possibility of using the chemistry of liverworts to resolve the taxonomic problems, especially at the genus and species level. One of the significant examples was the chemosystematic studies of the genus Porella (Porellaceae), which showed that comparison of the molecular classification with recognized chemotypes shows a striking correlation, especially within the Porella section Vernicosae [4c,d] . The identification of the chemical differences between liverworts is also in agreement with molecular analysis concerning the phylogeny of the Marchantiophyta. Chemical data have supported the separation of the Frullania from the Jubulaceae family, the unification of Balantiopsidaceae and Isotachidaceae, separation of the genus Wiesnerella from the Conocephalaceae and its placement in the separate family Wiesnerellaceae, among others [4c].
The purpose of this study was the chemical examination of selected liverworts belonging to the Lejeuneaceae family, and the detection of the chemical relationships between the analyzed species. We attempt to compare the composition of the volatiles present in these liverworts. GC/MS analyses of the 31 liverworts specimens collected in Thailand, Malaysia, Japan, and Ecuador were done. Table 1 shows the list of the investigated liverworts with their provenance, abbreviations used, and voucher specimens. 
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18 (guaia-6,9-diene-4-ol) Chromatographic analyses of the volatiles present in the ether extracts of liverworts belonging to the Lejeuneaceae family indicated variability of the chemical composition of the terpenoids depending on liverwort species. Each of the analyzed liverworts is characterized by the presence of particular compounds, however, there are some characteristic components, which can be used as chemical markers of this liverwort family. These are the pinguisane (1-8) and monocyclofarnesane (9, 10) type sesquiterpenoids, and the fusicoccane type diterpenoids (12-14), together with the sesquiterpene hydrocarbon, isolepidozene (11) ( Table 2) . As mentioned, the genera classified in the Lejeuneaceae family have been divided into two subfamilies, the Ptychanthoideae and Lejeuneoideae. Among the 16 analyzed liverwort species, the genera Dendrolejeunea, Mastigolejeunea, Ptychanthus, Schiffneriolejeunea, Spruceanthus, Thysananthus, and Trocholejeunea belong to the subfamily Ptychanthoideae, while Cololejeunea, Colura, Lejeunea, and Myriocoleopsis to the Lejeuneoideae [3a-b] . The determined data also showed the chemical differences among the liverworts classified in the different subfamilies within the Lejeuneaceae family. All of the characteristic components (isolepidozene, pinguisanes, monocyclofarnesanes, and fusicoccanes) are present in the liverworts belonging to the subfamily Ptychanthoideae.
The sesquiterpene hydrocarbon, isolepidozene (11) is the major component present in Thysananthus species, with the exception of T. retusus, which produces this compound as a minor component. Among all of the analyzed Thysananthus species, the chemical constitution of T. retusus is rather different from that of the other species. This liverwort produces pinguisane type sesquiterpenoids, e.g. -pinguisene (1) and deoxopinguisone (3), together with an unidentified diterpenoid, [M + ]318, 206 (100), 81 (98). T. convolutus and T. comosus are quite similar chemically. Besides the mentioned isolepidozene (11), both species also produce a relatively high amount of cis--elemene (15). No pinguisanes were found in these species.
Isolepidozene
(11), together with -pinguisene (1), deoxopinguisone (3) and ptychanolide (8), are the most characteristic volatiles occurring in T. spathulistipus. Compound 11 is also the major volatile component present in Mastigolejeunea virens. M. indica produces -humulene (16) as the major volatile, while M. repleta produces striatene (9) and valencene (17). Among the three Mastigolejeunea species, M. virens and M. repleta also produce fusicoccane-type diterpenoids (e.g. 12). The Japanese Ptychanthus striatus produces mainly striatene (9) and isolepidozene (11). Pinguisanes (e.g. 8) and striatol (10) are Chemical relationships between liverwort species Natural Product Communications Vol. 8 (11) 2013 1517 (5), and dehydropinguisanin (6) are the most characteristic compounds.
As is shown in Table 2 , among all of the characteristic components, only pinguisanes were detected in Cololejeunea stotleriana, Colura irrorata, and Myriocoleopsis gymnocolea. The most characteristic is -pinguisene (2), which was detected only in these three members of the Lejeuneoideae. The chemical composition of Lejeunea topoensis is very distinct from the other three analyzed liverworts of the subfamily Lejeuneoideae. Neither isolepidozene nor the pinguisanes, fusicoccanes and monocyclofarnesanes were found in this liverwort species.
The major components of L. topoensis are an unidentified sesquiterpenoid, [M + ]240, 43 (100), 121 (98), and three other known components, 20-22. These differences are in agreement with the most recent classification of the family Lejeuneaceae based on molecular and morphological evidence [3b] . Cololejeunea stotleriana, Colura irrorata, and Myriocoleopsis gymnocolea were all classified in the subtribe Cololejeuninae, while Lejeunea topoensis was classified in the subtribe Lejeuneinae. This chemical evidence supports that classification and indicates that -pinguisene may be a marker of the subtribe Cololejeuneinae.
The existence of the chemical polymorphism between both subfamilies is also evident from PCA analyses. Principal component analysis (PCA) provides a graphic representation of the relationships between samples and variables, and provides insights into how the measured variables cause some samples to be similar to, or different from, each other. A quite good separation was shown ( Figure 1A ) between the liverworts belonging to the Ptychanthoideae and Lejeuneoideae subfamilies, based on the chemical data. All of the samples from the Lejeuneoideae, with the exception of Cololejeunea stotleriana (CoSt), are located in the positive side of the PC1 axis, while samples from the Ptychanthoideae, with the exception of Schiffneriolejeunea cumingiana (ScCu), appeared in the negative side.
The loadings plot, illustrated in Figure 1B , shows that the major component responsible for the separation is isolepidozene (11) together with the pinguisanes, -pinguisene (1), deoxopinguisone (3), ptychanolide (8), and three other compounds, cis--elemene (15), cis-muurola-4(15),5-diene (23) , and -ylangene (24).
As shown in Figure 2 , specimens belonging to the Ptychanthoideae subfamily are divided into three clusters (I, II, and IV). Cluster I includes all the collections of Thysananthus spathulistipus, T. comosus and T. convolutus, and also Dendrolejeunea fruticosa, Mastigolejeunea indica, and Trocholejeunea sandvicensis. Cluster II contains the remaining Ptychanthoideae species, with the exception of Thysananthus retusus, which constitutes the separate cluster IV. Species belonging to the Lejeuneoideae subfamily are included in cluster III.
Cluster analysis showed the heterogeneity of the chemical composition within the genus Thysananthus. T. retusus, which makes up cluster IV, appears to be the most differentiated species, with volatile components not significantly shared with other species. Our previous data [5a] showed that each Thysananthus species produced particular components, but employment of the statistical analysis suggested some interrelationships within this liverwort genus. It is also interesting that D. fruticosa, M. indica, 
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Plant material and GC/MS analysis:
The 16 liverworts species (31 specimens) belonging to the Lejeuneaceae family were collected in Ecuador, Japan, Malaysia, and Thailand. All the liverworts were identified by P. Sukkharak, R. Gradstein, and Y. Asakawa, and their voucher specimens have been deposited (see Table 1 ). The dried plant materials were extracted with diethyl ether and then each extract was analyzed by GC/MS using an Agilent Technologies 6890N gas chromatograph coupled with a mass selective detector (Agilent Technologies 5973), on an HP-5MS capillary column (30m x 0.25mm, 0.25m film thickness). Oven temperature: 50 o C with 3 min initial hold, and then to 250 o C, temperature programmed at 5 o C/min, and 15 min at 250 o C. Injection temperature was 280 o C, and helium was used as a carrier gas (1 mL/min). The detector was operated in the electron impact mode (70eV with 3 scans/s and mass range m/z 40-500) at 230 o C. Each extract was analyzed three times. Retention indices for all compounds were calculated using nalkanes as standards. Compounds were identified using a computersupported spectral library [6a-b] , mass spectra of reference compounds, as well as MS data from the literature [6c-d].
Statistical analysis: In order to investigate intraspecific variability, all 168 volatile constituents detected in the extracts received from 31 populations of liverworts belonging to the Lejeuneaceae family were included in the multivariate analysis using Statistica version 10 software (StatSoft, Poland). Analysis included principal component analysis and cluster analysis (CA). The cluster analysis was performed using the Ward's method of hierarchical clustering, based on the Euclidean distance between pairs of extract samples.
Supplementary data: Details of the volatiles composition of all investigated specimens of Lejeuneaceae are also available.
